In the present study the possible derangement of the autonomic system and its influence in life threatening arrhythmias were analysed during paroxysmal activity. In hemispherectomized rats a paroxysmal activation of the hypothalamic and mesencephalic cardioarrhythmogenic triggers was performed by topical application of penicillin-G. Blood gas parameters and electrical activity of the thalamus, hypothalamus, vagal nerve fibre, ECG and arterial blood pressure were simultaneously monitored in basal conditions and repeated after the appearance of paroxysmal activity. Temporal correlation analysis was carried out. Results showed that during activation of these triggers, the spontaneous vagal nerve fibre activity significantly increased and triggered the appearance of cardiac arrhythmias which could become life threatening and induce animal death when blood gas and electrolytic parameters were simultaneously impaired.
INTRODUCTION
It has recently been shown that patients with chronic epilepsy are at risk of sudden unexpected death (SUDEP), which may be seizure related [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In particular, cohorts with uncontrolled epilepsy are at much higher risk, since SUDEP occurs in approximately 1 out of 200 patients annually 12, 14 . However, it is possible that this incidence might be underestimated since sometimes only incomplete information on the cause of death is available. Many different hypotheses have been proposed to explain SUDEP, some of which have particularly focused on bradycardia 18, 19 , central apnoea and pulmonary oedema, secondary to a seizure 17, 20 , therefore suggesting the possible involvement of cardio respiratory reflexes. However, we believe that it would be helpful to increase our knowledge on the possible causes of SUDEP, to monitor, at the same time, the cardiovascular, respiratory and metabolic parameters and the autonomic nervous system activity during the seizure.
In the hemispherectomized rat, to exclude the involvement of the cerebral cortex, the existence of cardioarrhythmogenic triggers has recently been shown at different levels of the brainstem and hypothalamus. The paroxysmal activation of these structures triggered a definite and reproducible pattern of cardiac arrhythmias and significant hemodynamic changes that seemed seizure-related [21] [22] [23] . The involvement of the autonomic system has been postulated, with particular regard to the parasympathetic division, since bradyarrhythmias commonly occurs during the seizure 24 . Therefore, in the present study, this experimental model of epilepsy was exploited in order to analyse: (i) the possible derangement of the autonomic system and (ii) its possible role in life threatening arrhythmias.
MATERIALS AND METHODS
The experiments were performed on 80 Wistar rats of both sexes (250-400 g b.w.). The animals were anaesthetized with ether, tracheotomized, paralysed with one bolus of Pavulon (pancuronium bromide, 0.02 mg kg −1 ) and artificially ventilated.
Blood gas parameters
The femoral artery was cannulated to monitor blood pressure and for blood sample withdrawal. Blood gas analysis was performed by means of an ABL-700 analyser (sample: 95-195 µl) and the following parameters were measured in basal conditions and repeated every 40 minutes, throughout the experiment, starting from the appearance of paroxysmal activity at the hypothalamic level: partial O 2 and CO 2 pressures, bicarbonate, sodium and potassium concentrations, pH value, O 2 % saturation, excess of base (±BE) and haematocrit value. In these experiments, the animals that showed metabolic derangements were not treated intentionally in order to evaluate the spontaneous trend of the metabolic impairment. Body temperature was kept at 37-38 • C by means of a heating pad coupled with a rectal probe.
Surgical preparation
The neurovascular bundle was exposed at neck level and the vagal nerve was insulated and protected with a small patch of fibrin sponge soaked with warm saline solution (37 • C). The animals were then fixed to a stereotaxic frame and craniotomized to expose the olfactory bulbs, the cerebral hemispheres and the cerebellum. A laminectomy at the C 1 -C 2 level was also performed to expose the obex. The olfactory lobes and the brain hemispheres were removed by suction to exclude their possible involvement in the paroxysmal activity and to expose the thalamus and the quadrigeminal lamina. A paraffin wall was constructed around these structures to protect the anterior part and the lateral surfaces of the diencephalon, and the lateral surfaces and caudal part of the mesencephalon, and to prevent the penicillin-G solution from spreading on the other structures. The exposed surfaces were then protected with a small patch of fibrin sponge soaked with warm mineral oil (37 • C). Following cerebral hemispherectomy, the ether anaesthesia was stopped.
Electrophysiological parameters
The spontaneous electrical activities of the thalamic surface, hypothalamic neurons and vagal nerve fibres were simultaneously recorded.
The electrothalamogram was recorded by means of a pair of silver bal electrodes, carefully positioned on the thalamic surface. The spontaneous electrical activity of the hypothalamic neurons and the spontaneous multiunit electrical activity (MUA) of the left vagal nerve fibres were extracellularly recorded by using tungsten in glass microelectrodes (700-1200 K ) advanced inside the respective structures by a David Kopf micro driver. The electrothalamogram was also recorded and charted by a Grass 7P5 and 7DA polygraph by using conventional EEG time constants (Fig. 1, trace 1) .
The electrical signals, recorded at the level of the thalamic surface, hypothalamic neurons and vagal nerve fibres were sent to conventional preamplifiers and fed to different channels of a computer (Tecfen computer scope analysis ISC-16 software) for analysis, on the same time scale, of the different phenomena and for comparison of the surface with the deeper diencephalic activity (Fig. 1, traces 2 and 3) . The frequency distribution histograms (FDHs) of the vagal nerve fibres were also constructed. The analysis was performed over a minimum period of 176.15 seconds up to a maximum of 231.6 seconds. 
Cardiovascular parameters
Cardiac electric activity (ECG) was continuously recorded, according to the Holter method, throughout the experiment and also recorded by a Grass 7P5 and 7DA polygraph to analyse the limb leads I, II and III. Blood pressure was also monitored throughout the experiment with a Statham pressure transducer connected to a Soxil model 3271.
Respiratory parameters
The animals were artificially ventilated throughout the experiment (tidal volume: 2.5-4 cc; stroke: 50 breaths per minute).
Epileptic foci
The epileptic foci were simultaneously induced at hypothalamic (HEF) and mesencephalic (MEF) levels. The MEF was added since it has been shown that it exerts a potentiating effect on the HEF with the appearance of more severe cardiovascular alterations, compared with those produced by the HEF or MEF alone 24 . Sodium penicillin-G (1-1.5 ml, 500.000 U.I./ml, buffered with Tris to pH 7.35-7.45) was carefully dropped inside the paraffin well made on the thalamic and mesencephalic surfaces (mineral oil being previously removed). Penicillin-G contamination of the caudal structures was avoided by the topical application of a buffered solution of penicillinase. This bacterial enzyme catalyses the hydrolysis of the penicillin-G lactam ring, causing the disappearance of the drug epileptogenic characteristics 25 .
Two different degrees of epileptogenic activity were considered: (a) interictal activity, characterized by recurrent single bursts interspaced with silent periods, and (b) ictal activity, characterized by continuous long lasting (10 seconds or longer) paroxysmal activity 26, 27 .
Recordings and statistical analysis
All recordings were performed in basal conditions and repeated soon after and following the appearance of paroxysmal activity. Statistical analysis of differences between basal and paroxysmal conditions was performed by the ANOVA test 28 .
The Ethical Committee of the Sassari University had previously approved all the procedures used in these experiments. Figure 1 shows a typical example of simultaneous recordings performed at the thalamic surface and hypothalamic neuron levels, in basal conditions ( Fig. 1(a) ) and following the induction of HEF and MEF ( Fig. 1(b) ). The hypothalamic neurons were localized in the hypothalamic cardioarrhythmogenic trigger 21 . Fifty minutes after penicillin-G application, polygraphic recordings of the electrothalamogram showed a well-organized paroxysmal activity characterized by an interictal activity lasting 6.3 ± 0.7 seconds ( Fig. 1(b) , trace 1). On the computer, the electrothalamographic activity, which instead appeared as a large negative-positive wave lasting 197 ± 9.5 mil-liseconds ( Fig. 1(b) , trace 2), was temporally related to the burst simultaneously recorded at the hypothalamic level ( Fig. 1(b) , trace 3). This latter burst showed the same duration as the thalamographic waves and discharged at 116.5 ± 11.5 spikes per second ( Fig. 1(b) , trace 3). In consideration of this temporal relationship, the electrothalamographic waves were taken as evidence of the development of paroxysmal activity at the hypothalamic level. In basal conditions, vagal nerve firing was characterized by a tonic pattern of discharge (Fig. 2(a), trace 3) . Paroxysmal activity at the hypothalamic level (Fig. 2(b) , insert) triggered a significant increase in the spontaneous vagal nerve fibres firing and in some cases induced the appearance of a phasic pattern of discharge, synchronous with ictal thalamographic waves (Fig. 2(b) , trace 2), and superimposed on an increased tonic activity ( Fig. 2(b) , trace 3). Changes in the vagal nerve firing always followed at a short latency the appearance of the epileptiform activity, lasted throughout the paroxysmal episode and ceased after its subsidence. Simultaneous recordings of the ECG showed that changes of vagal nerve firing were always temporally related with the appearance of ECG impairment signs.
RESULTS
The ECG analysis, the vagal nerve firing trend, the evaluation of the metabolic parameters, and the general condition of the animals following paroxysmal activity allowed the identification of two groups.
First group: animals who survived
In 75% of the animals, the co-activation of HEF and MEF triggered an increase in the spontaneous vagal nerve activity, the appearance of extrasystoles, atrioventricular (AV) blocks, impairment of AV conduction, alterations of the recovery phase, bundle branch blocks and a moderate but significant decrease in systolic and diastolic pressures. When paroxysmal activity stopped, the vagal nerve firing, the ECG and the arterial blood pressure gradually returned to basal values. In these cases the analysis of the rat arterial blood sample always showed all parameters to be within the normal ranges. Figure 3 shows an example in which despite an extraordinary increase in vagal nerve firing during paroxysmal activity (1454% of the basal activity) the heart rate (375 h.b. per minute) did not show significant differences and the ECG showed a modest impairment, mainly characterized by rare extrasystoles. 
Second group: deceased animals
In 25% of the experiments the coactivation of HEF and MEF triggered a significant increase in the spontaneous vagal nerve firing which was temporally related to the appearance of cardiac arrhythmias, metabolic derangement and animal death. Figure 4 shows a typical example. Forty minutes after penicillin-G application, thalamic firing was characterized by epileptiform discharges on a slowed background activity (Fig. 4(b) , traces 1 and 2). A simultaneous increase in vagal nerve firing, up to 128% of the basal value, temporally related to the appearance of paroxysmal activity, was also observed (Fig. 4(b), traces 3 and 4) . Simultaneous recording of the ECG showed a slight heart rate (HR) increases with the appearance of tall and thin T waves (Fig. 4(b) , trace 5). Sixty minutes after penicillin-G application, the thalamic paroxysmal activity was characterized by single bursts interspaced with silent periods (interictal activity) (Fig. 4(c) , traces 1 and 2) that triggered a further and significant vagal increase up to 262% of the control value (Fig. 4(c) , traces 3 and 4). The ECG showed a significant R amplitude increase, a T wave recovery and ventricular extrasystoles. One hundred and twenty minutes following penicillin-G application, ictal activity developed (Fig. 4(d), traces 1 and 2) and triggered a further significant increase in vagal nerve activity up to 344% of the control value (Fig. 4(d), traces 3 and 4) . The ECG showed an R amplitude enhancement, an HR reduction and a S-T segment depression (3 mm) that was later followed by animal death (Fig. 4, trace 5 ). Blood sample analysis showed a severe impairment of some metabolic parameters characterized by a significant increase in potassium concentration (6.2 meq l −1 ), a decrease in pO 2 and bicarbonate concentration and a development of metabolic acidosis (pH 7.1).
In 65% of the animals, the early phases of the paroxysmal activity triggered a transitory but significant decrease in vagal nerve firing, lasting 30 ± 4.3 minutes, which however showed a gradual recovery followed by a significant increase in its activity. Figure 5(b) , traces 1 and 2, show a typical example. At the onset, the paroxysmal activity triggered a significant reduction in vagal nerve firing (41%) and although the heart rate did not change (306 h.b. per minute), sinus atrial blocks and AV conduction aberrances appeared (Fig. 5(b), trace 3) . However, even in these cases, 120 minutes after penicillin-G application the early vagal firing decrease was followed by a significant increase (Fig. 5(c) , traces 1 and 2) accompanied by bradycardia with S-T segment depression and flattened T waves (Fig. 5(c), trace 3) . One hundred and thirty minutes after penicillin-G application, the spontaneous vagal fibre activity showed a further significant increase (97%) (Fig. 5(d) , traces 1 and 2) with the appearance in the ECG of an atrial bradyarrhythmia with a second-degree block, Mobitz 2 type (Fig. 5(d), trace 3a) . Continuous heart monitoring also showed the appearance of atrial bradyarrhythmias at variable conduction and S-T segment depression ( Fig. 5(d), trace 3b) , a further decrease in the HR (Fig. 5(d), trace 3c) , and a worsening of the AV conduction (Fig. 5(d) , trace 3d) followed by animal death. Even in this case, blood sample analysis showed severe metabolic impairments characterized by a hyperkalemia (6.9 meq l −1 ), and marked decrease in the pH value (6.9) and bicarbonate concentration (15.3 meq l −1 ). Arterial pressure monitoring throughout the experiment showed that interictal activity and changes in vagal nerve firing were temporally related to a significant reduction in diastolic pressure (17 ± 2.7 mmHg). During ictal epileptic activity, when vagal nerve firing was increased, both systolic and diastolic pressures showed a significant decrease of 16.7 ± 2.2 and 23.53 ± 3.2 mmHg, respectively, in comparison to basal values (120 ± 10/80 ± 5 mmHg). When lifethreatening arrhythmias appeared, the blood pressure changes worsened simultaneously with the heart electric activity impairment. Table 1 summarizes blood gas and electrolyte data obtained in the surviving animals and in the deceased animals, in basal conditions and 120 minutes after HEF and MEF. All means values are expressed as mean ± standard deviation.
DISCUSSION
The results show that in hemispherectomized rat, the co-activation of the hypothalamic and mesencephalic cardioarrhythmogenic triggers produces a significant impairment of spontaneous vagal nerve activity. The short latency of the vagal firing changes, and the close temporal correlation between hypothalamic epileptic bursts and the synchronous phasic activation of the vagal MUA support the hypothesis of a neurogenic origin of the vagal derangement. HEF and MEF might induce the vagal increase through hypothalamic and mesencephalic pathways impinging on the cardiac motoneurons localized at lower brain stem level 29 . On the other hand, a reflex arising from the peripheral receptors of the cardiovascular and respiratory systems seems unlikely, since in these experiments, with the animals artificially ventilated and ECG and BP continuously monitored, the cardiovascular impairment never appeared temporally dissociated from the paroxysmal activity.
As already demonstrated in the same model of experimental epilepsy, bradyarrhythmias represented the most common response to epileptic activation of the same cerebral cardioarrhythmogenic triggers 24 . However, under artificial ventilation and without metabolic impairment, the cardiac bradyarrhythmias never caused the animal's death and disappeared when the epileptic focus stopped (surviving animals). The cardiac arrhythmias became life threatening only when the animals simultaneously developed a severe metabolic derangement, mainly due to a significant rise in plasma potassium concentration (deceased animals). In this group, during paroxysmal activity and increased parasympathetic activity, analysis of the ECG showed indirect evidence of a possible simultaneous imbalance of the orthosympathetic system. In fact, in the first hour of epileptic induction, although vagal activity was significantly augmented, the heart rate was near basal values or only slightly increased. On the other hand, it has been pointed out that ventricular extrasystoles and ventricular complexes, with increased amplitude, could also occur. A possible in- terpretation of these data is that at the onset of the epileptic attack, even in the rat, orthosympathetic firing might significantly increase its activity in order to counterbalance the depressant parasympathetic effect on the heart rate and improve the cardiac inotropism. Furthermore, the ventricular extrasystoles, observed in these conditions, could represent further indirect evidence of a simultaneous increase in the orthosympathetic activity. In agreement with this hypothesis, a sympathetic imbalance during epileptic attacks in human beings has often been described and it is thought to be responsible for tachycardias that frequently occur during seizures 30 . This result has been confirmed by several authors, who mostly describe, concomitant with a temporal seizure, a significant heart rate increase at the beginning of the EEG discharge 31, 32 .
Direct recording from the sympathetic cardiac fibres, during experimental activation of the cardioarrhythmogenic triggers, would clarify this putative mechanism.
In the present research other patterns of autonomic imbalance were observed. In some experiments, HEF + MEF could, at the beginning, trigger a significant decrease in the vagal nerve firing that, however, was not followed by the expected heart rate increase. In this case, it is reasonable to assume that under some circumstances, at the onset of paroxysmal activity, HEF + MEF may also induce a simultaneous decrease in parasympathetic as well as orthosympathetic tone.
It is possible that during the course of an epileptic attack, orthosympathetic activation can paradoxically synergyse vagal influence on heart activity and Table 1 : Blood parameters recorded in basal conditions and 120 minutes after HEF and MEF (X ± SD) in surviving animals and in deceased animals. In each group, the significance of differences between basal and paroxysmal conditions is also shown.
Surviving animals
Deceased 20, 33, 34 and human beings 35 .
At the peripheral level, these high epinephrine levels could activate the α-membrane receptors, responsible for cellular potassium depletion 36 with a consequent increase in its plasma concentration. This condition would worsen vagally mediated cardiac bradyarrhythmias and induce their fatal evolution with, eventually, sudden epileptic death. The short latency of the hyperkalemia observed in the deceased animals seems to support this hypothesis and provides evidence of a likely neurogenic and extra-renal origin of the phenomenon. Further evidence can be adduced in these experiments by the appearance of sharpened T waves, which were always related to a transient and moderate increase in potassium plasma concentration. Severe changes in potassium concentrations have been reported by Meldrum and Horton 37 in adolescent baboons during generalized seizures. In human epilepsy, some case reports describe bradycardia and sinus arrest likely to have been triggered by ictal episodes 18, 19 . However, interpretation of the cause of bradyarrhythmias without simultaneous monitoring of respiratory function might be misleading. When the patient's respiration is depressed, either as a consequence of a peripheral reflex or by a central cause, in a condition of vagal nerve hypersensitivity, the risk of cardiac arrest has to be considered 38 . The results of Nashef and her co-workers 39 suggest that cardio respiratory reflexes may potentiate bradyarrhythmias. Apnoea, in particular, could play a central role by producing hypoxia, which, in turn, worsens the bradyarrhythmias. In the present experiments, artificial ventilation supported the animal, but, nonetheless, 25% of the animals developed a light acidosis, a significant reduction in bicarbonate concentration, a decrease in pO 2 and an increase in partial CO 2 pressures. Although hypoventilation seems to be an important cause of death during seizure 20 , further experiments are required to explore, in our model of epilepsy, the genesis and role of hypoventilation in sudden epileptic death.
In conclusion, these experiments show that within the same model of experimental epilepsy, under artificial ventilation and identical surgical stress, only some animals developed a life threatening clinical picture. Since in both groups the paroxysmal activity involved the same brain structures, it is difficult to conceive the activation of a fatal cardioarrhythmogenic trigger limited to the group of the deceased animals. A more convincing hypothesis, which would explain the present results could be the existence of animals 'at low excitability threshold', which would exhibit central compensatory systems, unable during the seizures, to keep a steady balanced relationship between the two autonomic circuits. This hypothesis agrees with the results of Johnston and co-workers 20 in a sheep model of epileptic sudden death. In their experiments the authors described (1) no qualitative differences in the EEGs between convulsing animals that died suddenly and those that survived, (2) the same rate and degree of catecholamine rise, and an elevation of potassium serum levels both in surviving and deceased animals, but (3) a marked difference in ventilation between the two groups. Further, both groups showed cardiovascular changes that might have interfered with ventilation, but surviving animals easily compensated for these changes and 'sudden death' animals did not, thus suggesting a 'qualitative' difference in ventilatory response between the groups, which supported the hypothesis that hypoventilation was the cause of death. Therefore, it is possible that animals 'with a low excitability threshold' exhibit a concomitant hypersensitivity of the peripheral α-receptors, which could be most threatening during the seizure, when circulating epinephrine reaches potentially arrhythmogenic levels even for a normal animal.
Finally, with regard to the possible role of this animal model in human epilepsy, it is possible that the cardioarrhythmogenic triggers stimulated by HEF + MEF activation represent the common final target of multiple signals arising from cortical epileptic foci. In fact, extensive neural connections, originating from the cortex, particularly the frontal and temporal lobes, reach the hypothalamic structures (see Refs [40, 41] , for reviews) and it is possible that in particular conditions they activate the cardioarrhythmogenic triggers. This hypothesis agrees with several clinical reports that describe ictal bradycardia and a disruption of autonomic cardiac control during paroxysmal discharges originating either in the left temporal or frontal lobes 32, [42] [43] [44] . However, further studies are required, particularly in an animal model of epilepsy in which the HEF + MEF can be triggered by the induction of a cortical epileptic focus.
